Experiment 15. Electron Spin Resonance

UpdatedRWH 15 March2008

1 Objectives

The aim of this experimentis to measurdhe propertieof ElectronSpin ResonancéESR)in two
organiccompoundsandto devise a methodusing ESRto determinethe magnitudeanddirection
of theEarths magneticeld atSydns.

2 Intr oduction

Theideaof electronspinandits associatednagneticmomentwas rst introducedby Geoge Uh-

lenbeckand SamuelGoudsmit to explain ne structurein optical spectra. Thesenew properties
which the electronseemedo possessvere put on a soundtheoreticalbasisa few yearslaterin

alandmarkpaperby Paul Diracin 19282 A properrelatvistic quantummechanicatreatmeniof

the hydrogenatomleadsnaturallyto the electronpossessingn additionto its massm andchage

e, anintrinsic or spin angularmomentumwith quantumnumbers = 1=2. The spinvectorS has
magnitude

q p
S= s(s+ Dh= h: (1)

wl

1G.E.Uhlenbeck& S.GoudsmitNaturwissendraften 47, 954(1925)
2pA.M. Dirac, Thequanturtheoryof theelectron'’,Proc. Roy Soc.LondonA, 117, 610(1928)
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In the presenceof a magnetic eld, the componentof spin parallelto the eld (z direction)is
gquantisedlt hastwo possiblevalues,

S;=msh=Zh: 2

3
S =./s(s+ 1h = \3 h

Fig. 15-1: Vectormodelfor electronspin
Sincean electronhasboth chage and angularmomentum,it also hasa magneticmoment, ¢,
proportionaltto theangulamTmmomentumwhere
e
= g—S: 3
s = U5 3)

Accordingto Dirac's theory g is precisely2. The measuredialue,g = 2:00232 arisesin quan-
tum electrodynamic$QED) from the electrons anomalousnagnetiadipole moment.Quantisation
of spinleadsto quantisationof the correspondingnagneticmoment. The componentaluesfor
magnetianomentare

e
sz = Q%Sz: gms 8 = 0 B=2 (4)

where g is the Bohr magnetonegh=2m. In the presencef a magneticeld B, thereis potential
enegy U associatedvith the orientationof the magneticmomentrelative to the magnetic eld,
givenby

Theenepy differencebetweerthetwo electronstateds givenby

U=g gB: (6)
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Transitionsbetweerthesestatescanbe producedy photonsof frequeng ., givenby

h =9 gB: (7)

3 Freeradicals

In principle, we could take a group of electronsin a magnetic eld B andinducethemto male
transitionsfrom onems stateto the otherusingaradiofrequenyg eld of frequeng . Thiswould
bedif cult aselectrongepeleachotherand,in ary casethey would describecircularorbitsatthe
cyclotronresonancérequeny eB=(2 m). However, a“solid” sourceof electronss obtainedrom
an organicchemicalcalleda free radical: the two which will be examinedin this experimentare
dipheryl picryl hydrazyl(DPPH)andtetragzanoquinodimetiire (TCNQ). Their chemicalmakeup
is shavn in Fig. 15-2. Thesesubstancesontainelectronswvhich actasthoughthey werefree. Free
radicalsthusexhibit g-factorsvery closeto the valuefor a free electron,2.0023. In fact, the frac-
tional differenceis lessthanonepartin athousand Any shiftin g would arisefrom aninteraction
betweenthe electronmagneticmomentand the overall magneticmomentof the molecule. We
would expecta shift equalto or lessthanthe ne structureshiftin the H atom,andthis quantityis
of theorderof onepartin athousand.
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Fig. 15-2: Chemicalstructureof thefreeradicalSTCNQ (left) andDPPH(right)

Electronspinresonancén TCNQ andDPPHcanbeshavn with thesampleheldin asmallcoil and
placedin auniformmagneticeld. Thecoil (inductancd.) is connectedn parallelwith a capacitor
C tomake anLC resonantircuit. At theresonanfrequeny, = geB=(4 m), enegy mustbe
suppliedby thecircuit in orderto changehe spinstateof the electrondrom onevalueof mg to the
other As aresulttherewill beaminutedecreasén the Q or quality factorof theresonantircuit.

When the circuit is setup to oscillateweakly at a frequeny (= Zip LC) the electronspin
resonanceés readily seenbecausehe tiny decreasén the Q of the resonantircuit canbe easily
detectedby the amplifying electronics Sweepingthroughthe resonancés bestdoneby varying

B, sinceit is electronicallymoredif cult to sweepthroughin frequeng andmaintaina constant
amplitude.In our casethe eld is producedoy a Helmholtzcoil (seeSection4.3 andpage79 of

the benchmanualfor furtherexplanationof the Helmholtzcoil).

e P — i I
3Note: theQ of aparallel-tuned.C circuitis givenby Q = % % Theexcitationof ESRcauses slightincrease
in loadingof thetunedcircuit anda correspondingncreasen the effective valueof R.
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4 The apparatus

The manualfor the spectrometeyou will be usingis on the benchandhasalsobeenplacedasa
PDF le (namedCWS 12 50 manual)onthe computer The pageselevantto the ESRexperiment
arel9,25-4155,71-72,79,and82.

Figure15-3shavs a schematidiagramof the ESRspectrometer

Fig. 15-3: Schematialiagramof the electronspin resonancexperiment. The referenceo NMR (nuclear
magneticesonanceis notrelevantfor this experiment.

The sampleis placedin a coil, inductance., in parallelwith a capacitorC. This is the resonant
circuit (alsocalleda tankcircuit), which oscillatesat 50 MHz. The phase-lockd loop (PLL) is a
feedbaclcircuit that adjuststhe value of the capacitanceintil the circuit is locked ontothe preset
frequeng. Thevariablecapacitoris areverse-biasediode,knovn asavaractor diode in whichC
dependon the thicknessof the chage depletionlayer; this is controlledby adjustingthe applied
voltage.
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4.1 Differential detection

Theprinciple of resonancéetectionis simply to detecta changdn theamplitudeof oscillationsin

thiscoil. Thisis achieredby varyingtheappliedmagneticeld in asinusoidamanneat38Hz. The
50MHz frequeny is Itered onthedetectiornsideof the electronicsandonly the signalamplitude
difference(dueto the 38 Hz modulationof B) is passean to the detectionampli er.

A consequencef this sensitve detectionmethodis that a differentiationof the resonancéor ab-
sorption)signalis obtained.Thecharacteristipro le of aforcedresonancegitherthatof adamped
LC circuit or anaturaltransitionin anatomor electron,is knovn asa Lorentzian.The Lorentzian
functionis givenby

1

Nl

L()= ' (8)

( 02+ (3)?

with full width at half maximum(FWHM) equalto . In this experimentwe keepthe frequeny
x ed andvary B, but the form of the equationis the same,with  replacedby B, asshavn in
Fig. 15-4. By corvention,Fig. 15-4is shavn in emissiorratherthanabsorption.

Fig. 15-4: TheLorentzianline shapeof anabsorptionresonanceljne.

Thedetectedsignalis thederivative of theLorentziarline pro le, asshavnin Fig. 15-5. Differential
detectionenablesthe preciseposition of the absorptionpeakto be determined,sinceit corre-
spondsto the point wherethe differential signal equalszero(i.e., the zero-crossing).Moreover,
onecommonly-usedneasurenf the line width of the Lorentziancaneasilybe obtainedfrom the
separatiorbetweerthe positive andnegative going peaksin the differentiatedsignal.

Although the software that operateghe spectrometecan do the analysisfor obtainingthe zero
crossing line width, andintegratingto obtainthe absorptiorsignal,you arerequiredto carrythis
out for yourselfand presenthe graphsandanalysisin your logbook. You cando this easilywith
the ORIGIN softwarepackage.
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Fig. 15-5: Thederivative of theabsorptiorsignalshovn in Fig. 15-4. Thisis theform of thesignalreceved
from the spectrometer

4.2 Signi cance of line-width

The naturalwidth of an ESR spectralline is a measureof its interactionwith its environment.
Thatis, the electronmot only interactwith the appliedmagneticeld but any othermagneticeld
arisingfrom their ervironmentsuchasthosefrom otherelectronor nuclearspins. So ESRcanbe
an excellentprobeof the electronicor nuclearmagneticervironment. The line becomesroader
with increasingcouplingof the electrondo their ervironment.

4.3 Helmholtz coil

Helmholtzcoils consistof two coaxialcoils of thesameradius,in seriesandspaceddistanceapart
equalto their radius. For this con gurationthe eld is particularlyuniform over a smallregion at
the centreof the con guration.

Themagneticeld suppliedby theHelmholtzcoilsis shavn schematicallyn Fig. 15-6. A uniform
magneticeld of variablestrengths oftenneededn physics.Foralarge eld thisis bestdonewith
anelectromagnetvhosecoreis composedf a magneticnaterialof high relative permeabilityand
with at parallelpolepieceslf thistechniquéas usedfor small elds (asrequiredn thisexperiment)
adif culty arisesbecausall magnetianaterialshave aremanenteld: a nite eld is presenteven
whenthe magnetisingurrentis zero,makingthe settingof reproducibleelds dif cult.

4.4 Dip circle

Thedip circle, shawvn in Fig. 15-7,is a compasghat enableghe Earth's magnetic eld direction
to be determined.Ordinarycompasseallow you to determinethe directionof the Earths eld in
thehorizontalplane.In reality, the Earths eld makesananglein theverticalplane.Thedip circle
allows youto determinehis anglesinceit canswivel in boththe horizontalandverticalplanes.



ELECTRON SPIN RESONANCE 15-7

Fig. 15-6 : Helmholtz coils, shaving the  Fig. 15-7: Thedip circle givesthe angleof the Earth's
uniformity of themagneticeld in thecen-  magneticeld.

tral region. [from ThePhysicof Electricity

andMagnetismW.T. Scott(Wiley, 1962)]

5 Experimental Procedure

1. Make surethatthe spectrometeis connectecisshavn on pagel9 of thebenchmanual,and
thatthe TCNQ samplées fully insertedn the ProbeheadThe Helmholtzcoil andProbehead
combinationare x edto a Perspg sheetmakingit easierto rotatethe assemblytaterin the
experiment.For this rst partof theexperimentthe orientationis notimportant.

2. Startthe CWNE software. This bringsup the Startupand Acquisitionpagewith a compre-
hensve menufor dataacquisition.

Click on Spectometerthenon Connectin the top menu. This establishes connectiorbe-
tweenthe computerandthe spectrometeit will alsoautomaticallyswitchto the ESRmode
andwill indicatethis by aredlight next to ESRon the probeheadSelectSingle(for asingle
scan)andlet Accbeinitially 1 (for onescan)in the bottomright handcornerof the screen.
Setthe Field Sweepto 5 gausgGs)* andleave the 2nd Mod Amplit and SweepTlime at their
defaultvaluesof 0.05Gsand0.5min respectrely.

3. Clicking on the Start button in the Acquisitionsectionwill startthe 30-secondscan. You
shouldobtaina differentialplot asdescribedn sectiond.1. Thiswill probablybeabit noisy
Verticalscalingcanbeadjustedwvith the GaincontrolandtheDC offsetwith theslidercontrol
ontheleft of thescreen Experimentwvith bothcontrolsuntil you aresatis edwith theresult.

4. You arenow readyto collectdata. First you needto createyour own subdirectoryin the
Studentles directory Thenswitch backto the Acquisitionscreerand,underTools! File
location tell the softwarewhereto put your databy typing thedirectorypathfor bothacqui-
sitionanddataoutput.

*Thegausss theunit of magneticeld in theold cgssystem:1 Gs=10 * T.
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. Toreducethe noisein thessignalit is simplestto averageseveral scans.To do this, increase

thenumbemext to Accto arounds or moreanddepresshe Acchbuttonin theupperleft hand
partof the screenPressingStartwill thendo the averaging.

. Whenyou have obtaineda spectrunmyou arehappy with, you cansave it from the File menu

on thetop left handcornerof the screen.The le will be savedin your subdirectorywith a
.dcwextension.

. This saved spectrumcannow be processedby clicking on the Proc button at the top of the

screenThiswill take youto anotherscreerwith upperandlower graphpanels.Click onthe
OpenFile buttonandloadyour saved le into thetop panel.Now click onthe 1stDerivative
buttonon thetop left handsideof the screerto loadthis into the bottompanel.You arenow
readyto make somebasicmeasurementsn this spectrunusingtheinbuilt software.

. TheVE buttonabore thebottomgraphpanelautoscalethespectrunin theverticaldirection,

andtheG buttonalongsidecalculatesheg-value,whichis displayednthebottomright hand
sideof thescreen.

. Thereare two ways of measuringthe linewidth: (i) the separatiorbetweenthe points of

in ection, whichis givenby the SDBbutton,and(ii) thefull width athalf maximum(FWHM)
of the absorptionpro le. The latter measuremenis obtainedby clicking the Absorption
button at the top of the screen— this integratesthe 1stderivativespectrum— andthenthe
HDB buttonabove thelower panel.

Recordthe valuesof g, SDB HDB and positionof the absorptionpeak(or zero-crossingn
the differential plot) in your logbook, alongwith ary otherrelevant informationaboutthe
dataset.

You now needto save the 1stderivativedatafor laterinputto ORIGIN by clicking on the
Export ASCII button at the top of the screenthe le nameis the sameasbefore,but with a
Ixtextension.The le will belocatedin thedirectoryyou speci edearlier

Finally, gothroughthe procedureabove for the DPPHsamplewith the Field Sweesetto 15
Gs.
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5.1 Lorentzianprole

In thissectionwe will analysahe1stderivativedatausingORIGIN andtestwhethertheabsorption
pro le is indeedLorentzianaswe have assumed.

1. Importthe TCNQ .txt le into ORIGIN with theFile ! Import! SingleASCIlI menuand
plotthe le.

2. Usethelntegratefunctionin ORIGIN to obtaintheabsorptiorpro le. ThenusetheBaseline
functionto t to ary sloping baselineusing the end-weightingoption. Subtractthe tted
baselingo give a cleanpro le with anominalbaselineof zero.

3. Fit a Lorentzianto the absorptionpro le andsare a properlylabelledhardcoy. Compare
the parameter®sf the t, notablythe peakpositionandFWHM, with thoseobtainedearlier
Commenton the goodnes®f t, asmeasuredy thereduced 2. Experiencesuggestshat
theformal t errorsmaybeunderestimated.

4. Repeatheabore treatmenfor the DPPHdata.Which of thetwo samplediaselectronanore
stronglycoupledto the ervironment?

Question UsingEqgn.8 shaw thattherelationshimetweeF;tbeseparatiomf thepointsof in ection
(SbB)andthe FWHM (HDB) is givenby SDB = HDB="3.

5.2 Measurementof the Earth' s Magnetic Field

The GeographidNorth Poleis actuallyamagneticSouthPoleasshavn in Fig. 15-8

Fig. 15-8: Geographismorthandsouthpolesareactuallymagneticsouthandnorthpoles,respectiely. Note
thatthemagneticeld linesat Sydneg emepeatanangleto the Earth's surface.
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Usethe dip circle to determinethe directionof the horizontalcomponenof the the Earth's

magneticeld andtheangleof dip in this plane.You will needthis laterwhendetermining
themagnitudeof this eld. Turnoff theHelmholtzcoils andkeepthecompassway ary iron

objectssoasnotto distortthedirectionof the eld.

5.3 Determination of the Earth' smagnetic eld and the electron g-value

If it wasnt for theEarthsmagneticeld, it wouldbeasimplematterto nd theg-valueby obtaining
theresonanfrequeng andusingEqn.7. However, the Earths eld will addto or subtracfrom the
applied eld from the Helmholtzcoil, dependingon the orientationof the axis of symmetryof the
coil with respecto thehorizontalcomponentf the Earths eld.

Note thatthe axis of symmetryof the Helmholtzcoil is in the horizontalplane. If the horizontal
componenbftheEarths eld is parallelto theaxisof theHelmoltzcoil, thenthetwo elds will add
andthiscombinedeld will beappliedto theelectrons However, if thesewo elds areantiparallel
the horizontalcomponentf theEarths eld will subtracfrom theapplied eld. ldeally, thesetwo
con gurationswill produceresonanpeakssymmetricaboutanapplied eld of zero;if they dont
theremaybeasmallsystematierrorin theassumed® eld from the Helmholtzcoils.

Now deviseamethodthatwill accuratelydeterminehe g-valueof theelectronaswell asthe
horizontalcomponenbf the Earth's magneticeld.

Explain how you will usethe angleof dip measuredwvith the dip circle to determinethe
magnitudeof the Earth's magneticeld.

Outlineyour methodin your logbookandgeta demonstratoto checkbeforeproceeding.

5.3.1 Resultsand Analysis

Carry out your experimentusing the TCNQ sample,sase your resultsand analyseusing
ORIGIN, includingerrorsin your analysis.

Remembeto usetheaccumulatdeaturein theacquisitionprogramif youneedto reduceary
noise.

Useyour resultsto determinevaluesfor g andthetotalmagneticeld of the Earth.Compare
yourresultsfor the Earth's magneticeld with theaccuratevaluesfrom theonlinecalculator
attheNationalGeophysicaDataCentefwww.ngdc.noaa.gdsey/geomag/js/iI GRFWMM.jsp;
selectcountryandcity) andcomment.

Write aconclusion.



